AbstractÐThe crystal chemistry of molecular complexes of several trigonal donor molecules with the trigonal acceptor 1,3,5-trinitrobenzene, TNB, is reported. Generally, replacement of a moiety by another of similar shape and size does not change the overall packing. The 1:1:1 (triphenylisocyanurate)´(TNB)´(benzene) solvate is isostructural to the corresponding 1:1:1 thiophene solvate, con®rming the so-called benzene±thiophene exchange rule. The 1:1 complex of tris-2,4,6-(4-methylphenyl)-1,3,5-triazine and TNB is layered and the layers have quasi-trigonal symmetry. The triazine ring may be replaced by a phenyl ring without any change in the crystal structure. Thus, 1,3,5-tris(4-methylphenyl)benzene and TNB form an isostructural 1:1 complex. Such shape/ size exchange may be further explored in the 1:1 complex of 1,3,5-tris[5-(2-chlorothienyl)]benzene and TNB. Here both phenyl± thienyl and chloro±methyl exchanges are simultaneously possible and yet another isostructural complex is obtained. Finally, the 1:1 complex of 1,3,5-tris(2-thienyl)benzene and TNB is also found to have a very similar structure. However, when 1,3,5-triphenylbenzene and TNB are taken in 1:1 ratio in solution, the result is a 1:3 molecular complex. This is unexpected in view of the phenyl±thienyl exchange rule, and some rationalisation is provided for the unusual formation of this 1:3 complex. Many of these structures are pertinent from the viewpoint of carry-over of trigonal molecular symmetry into the crystal, a contemporary theme in the engineering of crystal structures for octupolar non-linear optical applications, while ready access to the 1,3,5-trisubstituted benzenes for this study was made possible by a general and ef®cient protocol for the synthesis of these compounds from the corresponding acetyl aromatics.
Introduction
We have been investigating the relationship between molecular and crystal symmetry in the context of the engineering of crystal structures for octupolar non-linear optical applications. Ever since the work of Kitaigorodskii, it has been well-known that save for the centre of inversion, molecular symmetry need not be carried over into the crystal. 1 In the octupolar context, trigonal symmetry is particularly relevant 2, 3 and whilst several trigonal molecules adopt trigonal and hexagonal crystal symmetries (or pseudosymmetric variants of these), there are many others which do not. Some combination of substituent size and awkwardness of molecular shape seems to be required for a C 3 -symmetry molecule to adopt trigonal or quasi-trigonal crystal symmetry. 4 Identifying or selecting such combinations is still a matter of instinct and personal bias. So, any reliable trends in the packing preferences of these compounds are expected to be useful in crystal engineering studies. In this paper, we describe the crystal structures of molecular complexes of several trigonal donor molecules with the trigonal acceptor 1,3,5-trinitrobenzene, TNB, and where replacement of a substituent(s) by others with a similar shape and size does not change the overall packing. These efforts have been greatly aided by the development of a general and simple protocol for the synthesis of symmetrical 1,3,5-trisubstituted benzenes, especially thienyl substituted compounds. 5 In crystal synthesis, effective mapping of crystal packing depends crucially on an ability to manipulate molecular structure at will. This so-called molecular±supramolecular balance in crystal engineering needs to be carefully planned so that synthetic targets are both interesting and attainable. 6, 7 Keywords: crystal engineering; shape/size effects; close-packing; benzene± thiophene exchange; chloro±methyl exchange; trinitrobenzene; trimerisation; acetylthiophene; SiCl 4 .
Results and Discussion

Benzene±thiophene exchange
Our earlier work dealt with C 3 -symmetrical isocyanurates and triazines and the crystal chemistry of the pure compounds was reported. 8, 9 In this study, we decided to co-crystallise some of these substances with TNB. The ®rst system of choice was therefore TNB:1,3,5-triphenylisocyanurate (TPI). Crystallisation of these compounds in a 1:1 ratio from benzene yielded the 1:1:1 (TPI)´(TNB)( benzene) solvate. The structure of this solvate is shown in Fig. 1 . Table 1 gives the main crystallographic information. The TPI molecules are assembled with respectably good C±H´´´p hydrogen bonds (2.63 A Ê , 1588, H-atoms neutron normalised, interaction a in the ®gure) as centrosymmetric dimers. 10 Most interestingly, there is a quintupledecker sandwich of phenyl groups, TNB molecules and a central molecule of benzene which also lies on a centre of symmetry. This sandwich is held together with the p´´´p interactions b (3.76 A Ê ) and c (3.40 A Ê ), these distances being the average of the perpendicular distances between the centroid of one of the molecules to the plane of the other. This procedure for estimating the stacking distance was followed because the TPI, TNB and benzene rings are all non-parallel.
Whilst the structure of the (TPI)´(TNB)´(benzene) complex is of low symmetry, it provided a lead in terms of examining the so-called benzene±thiophene exchange phenomenon. It was noted that the structure is built around the central benzene molecule which is essential to this particular mode of assembly. The question then arose as to whether this structure would be preserved if TPI and TNB were cocrystallised from thiophene. The structural relationship between benzene and thiophene has been long noted. The similarities of the phenyl and thienyl groups in both shape and size were utilised by Green and Schmidt to prepare solid solutions of 1-phenyl-4-(2 H ,6 H -dichlorophenyl)-1,3-butadiene and 1-thienyl-4-(2 H ,6 H -dichlorophenyl)-1,3-butadiene. 11 The complete solid state solubility of 4,5-phenanthrylene disulphide in pyrene attests to the importance of close-packing nature of the S-atom in crystals. 12 More recent studies have attempted to examine this phenomenon further 13 but no completely satisfactory crystallographic study of an isostructural benzene±thiophene (or phenyl±thienyl) pair of compounds has been reported.
In the present instance, we found that the (TPI)´(TNB)( thiophene) is isostructural to the benzene solvate. Figs. 1 and 2 are nearly identical. The corresponding interactions are a (C±H´´´p: 2.62 A Ê , 157.68), b (p´´´p: 3.77 A Ê ) and c (p´´´p: 3.43 A Ê ). To complete this near identity, the thiophene molecule is disordered about a centre of symmetry so that it mimics the benzene molecule (Fig. 3) . We attempted to co-crystallise TPI and TNB from benzene± thiophene mixtures. Crystals containing both solvents were obtained but we could not obtain reliable estimates of the benzene:thiophene ratio in these crystals with NMR. To summarise, it appears then that a thioether S-atom is a reasonable supramolecular surrogate for a CHvCH moiety and that the pair of solvates described above validates the benzene±thiophene exchange rule.
Quasi-trigonal layered structures
The major aim of the study being the generation of trigonal crystal structures from C 3 -symmetry molecules, we next crystallised a 1:1 mixture of TNB and tris-2,4,6-(4-methylphenyl)-1,3,5-triazine, TMT from chlorobenzene, the TMT itself being obtained in a straightforward way from 4-methyl-1-cyanobenzene. The result was a 1:1 molecular complex (TMT)´(TNB) with quasi-trigonal symmetry in two dimensions (Fig. 4) . The structure is layered and the sheet in Fig. 4 The next step was to attempt a substitution of the triazine ring in TMT with the nearly isosteric phenyl ring, namely to crystallise TNB with 1,3,5-tris(4-methylphenyl)benzene, TMB. Even the contemplation of such a strategy was only possible because TMB is readily accessed in high yields from 4-methylacetophenone via a literature procedure. 14 The crystal structure of the 1:1 complex (TMB)´(TNB) is shown in Fig. 5 from which it may be seen that it resembles the (TMT)´(TNB) complex (Fig. 4) Noting that this system was amenable to a triazine±benzene exchange without a change in crystal packing, we next attempted a slightly more ambitious perturbation. 1,3,5-tris[5-(2-chlorothienyl)]benzene, TClThB, was prepared from 2-acetyl-5-chlorothiophene by trimerisation with SiCl 4 and co-crystallised with TNB to give the 1:1 complex. The structure of (TClThB)´(TNB) is shown in Fig. 6 from which it may be seen that it is isostructural to (TMB)´(TNB) and therefore to (TMT)´(TNB). In this structure, the layers lie along (2 22 0) and are assembled with a few C±H´´´O hydrogen bonds and a weak C±H´´´Cl interaction (2.96 A Ê , 1408). The similarity between the translational vectors (14.819 and 14.723 A Ê ) along the pseudo-trigonal directions and the corresponding vectors in (TMT)´(TNB) and (TMB)´(TNB) show the near identity in shape and size of the TMT, TMB and TClThB molecules. The modi®cation of TMB to TClThB involves two shape/size substitutionsÐa switch of a phenyl ring to a thienyl ring and a switch of a methyl group to a chloro group. 15 Both the benzene± thiophene and the chloro±methyl exchange rules are with precedent but in this pretty example, it has been possible to make both switches simultaneously without any change in overall packing and crystal structure. This uncommon occurrence 16 is a sure sign that shape and size factors, namely close-packing non-directional arguments hold sway in this family of crystal structures. Accordingly, it may be noted that there are no short and/or particularly directional S-atom contacts within the layer. The layers themselves are centrosymmetrically stacked as before (p´´´p 3.30 A Ê ).
Finally, we co-crystallised the analogously synthesised 1,3,5-tris(2-thienyl)benzene, TThB, and TNB to obtain yet another quasi-trigonal layered structure (Fig. 7a) . This layer is smaller in its dimensions. The quasi-trigonal translations are 14.494 and 14.416 A Ê which is around 3% less than the corresponding vectors in the three complexes above. This shrinkage follows from the smaller dimensions of the TThB molecule when compared to TMT, TMB and TClThB and is unexceptional. What is important, however, is that the layer structure is topologically related to the previous cases. A novel feature is the appearance of the three-point synthon I constituted with C±H´´´O and C±H´´´S (2.99 A Ê , 165.98) hydrogen bonds. There is a hint of a speci®c role for the S-atom here with the C±H group aligned along the extension of one of the C±S covalent bonds of the thienyl ring-exactly the direction predicted by the nucleophile± electrophile model of Parthasarathy.
17 Fig. 7b shows a symmetry-independent and almost identical layer (translations 14.494 and 14.543 A Ê ; C±H´´´S, 2.93 A Ê , 160.18) related by pseudo-inversion to the layer in Fig. 7a . Stacking of the p´´´p type between layers related by true (3.41, 3.47 A Ê ) and pseudo inversion centres (3.39 A Ê ) completes the structure.
1:3 Molecular complex of 1,3,5-triphenylbenzene (TPB) and TNB
In the light of these observations on quasi-trigonal layered structures, we were intrigued to note that when TPB and TNB were crystallised from 1:1 CCl 4´E tOAc in 1:1 proportions, the result was a 1:3 molecular complex of the two constituents, followed by the appearance of crystals of pure (unused) TPB. There was no evidence of any 1:1 complex. Fig. 8 shows the layer structure and Fig. 9 is a stereoview of the stacking (p´´´p, 3.42, 3.37, 3.37 A Ê ) between the layers in (TPB)´(TNB) 3 . The molecules of TNB are arranged according to the trimer synthon II, and the general shape and size of the TNB trimer is nearly equal to that of the TPB molecule. Clearly, this fortuitous equivalence favours the formation of the 1:3 complex, but why then is this structure Corresponding symmetry-independent layer which is related to that in Fig. 7a by a pseudo-inversion centre. Figure 8 . Layer structure in the 1:3 complex (TPB)´(TNB) 3 . Notice the trimer synthon II formed by the TNB molecules and its equivalence in shape and size to the TPB molecule. not formed by TThB? After all, the dimensions of the TThB and TPB molecules must be nearly the same according to the phenyl±thienyl exchange rule. It would appear that the formation of the 1:1 complex for TThB and TNB, and of the 1:3 complex for TPB and TNB is the result of subtle yet speci®c factors. We can only speculate here on a few of these factors: (a) Certain S-atom speci®c contacts in (TThB)´(TNB) say the C±H´´´S interaction are not possible for (TPB)´(TNB); (b) stacking interactions could be more effective between phenyl and TNB rings than between thienyl and TNB rings, given the different ring´´´ring spacings in the two cases (3.40 A Ê versus 3.60 A Ê ); and (c) slight size and shape differences between the benzene and thiophene moieties are unimportant in the pair of molecules TClThB (volume 311 A Ê 3 ) and TMB (341 A Ê 3 ) which show benzene±thiophene exchange, but cross a critical limit in the smaller pair of molecules TThB (264 A Ê 3 ) and TPB (290 A Ê 3 ) which do not.
Geometrical factors are, however, important because we noted that: (a) packing calculations (Cerius 2 ) 18 on (TThB)´(TNB) and a simulated structure in which TPB is placed in the TThB sites showed unfavourable conformations and geometries for the TPB molecules. There is not much variation in density, C k and cell volume for the experimental and simulated structures. However, the lower packing energy per cell in the latter case could be due to the poorer overall packing which is re¯ected in the considerably higher value of the occupiable but inaccessible volume in the unit cell (8.37 A Ê 3 in the simulated structure versus 0.52 A Ê 3 in the experimental structure); (b) d±u plots for (TPB)´(TNB) 3 and pure TNB showed that C±H´´´O interactions are far more signi®cant in the latter, hinting that overall threefold pseudosymmetry and close-packing are important in the former. We are now attempting to obtain a 1:3 complex of TThB and TNB to probe this (lack of) phenyl±thienyl exchange further.
Conclusions
Trigonal molecules do not always yield crystal structures with trigonal or quasi-trigonal symmetry. However, within a small family of molecular complexes of 1,3,5-trinitrobenzene with symmetrical 1,3,5-trisubstituted aromatics, layered structures are generally formed with twodimensional quasi-trigonal symmetry. The replacement of either the hub moiety or the radial substituents in the trigonal donor components of these complexes, by groups of the same shape and size, leaves the crystal structures largely unaltered. This study provides a good con®rmation of the so-called benzene±thiophene exchange rule for crystal structures. Such shape and size rules operate in crystal structures governed by close-packing factors. It is also seen that an ability to access new organic molecules through general and simple protocols greatly enhances the scope of the crystal engineering exercise.
Experimental
Melting points were recorded on Labhosp or Veego melting point apparatus and are uncorrected. Infrared spectra were recorded on Nicolet Impact-400 FT IR spectrometer. All samples were recorded as KBr wafers unless mentioned otherwise. Ultraviolet spectra were recorded on Shimadzu UV 2100 or UV 260. 300 MHz 1 H NMR spectra were recorded on Brucker spectrometer. Samples were made in chloroform-d solvent and chemical shifts were reported in d scale using tetramethylsilane as the internal standard. Coupling constants J are in hertz (Hz). Analytical thinlayer chromatography (TLC) were performed on (10£5 cm 2 ) glass plates coated with TLC grade silica gel (acme's; 100±200 mesh). Flash chromatography was performed using silica gel. For all the reactions dry magnesium sulphate was used as drying agent after work-up. Yields refer to chromatographically isolated yields. Thiophene, 2-acetyl-5-chlorothiophene were purchased from Lancaster Synthesis. SiCl 4 was obtained from Aldrich.
General procedure for trimerisation of acetyl derivatives.
14 To a solution of the acetyl derivative (40 mmol) in absolute EtOH (40 ml) was added SiCl 4 (2±4 equiv.) dropwise with stirring at 08C and the reaction mixture was stirred at ambient temperature. At the conclusion of reaction (TLC), the dark reaction mixture was poured into ice-cold water and extracted with dichloromethane (3£30 ml). The combined organic extract was washed with water, brine and then dried. Evaporation of the solvent and puri®cation of the crude product by column chromatography (silica gel) using hexane as a eluent furnished the trimerized product. Figure 9 . Stereoview of the stacking arrangement of the TNB-trimer and the TPB molecule in the 1:3 complex (TPB)´(TNB) 3 . The stacking distance are d1, 3.41; d2, 3.37; d3, 3.37 A Ê .
1,3,5-Tris(4-methylphenyl)]benzene (TMB).
14 4-Methylacetophenone (1.5 g, 11.19 mmol) in absolute EtOH (10 ml) was treated with SiCl 4 (2.5 g, 14.8 mmol) according to the general procedure described above for 6 h to produce TMB as a white solid (1 g, 84% 19 via a palladium mediated crosscoupling reaction but our method is much simpler.
1,3,5-Tris(phenyl)benzene (TPB).
14 Acetophenone (5.24 g, 43.6 mmol) in absolute EtOH (30 ml) was treated with SiCl 4 (10.4 g, 61.1 mmol) according to the general procedure described above for 6 h to furnish 4 as a white solid (3.8 g, 86% (TPB)´(TNB) 1:3 complex. Pale yellow needles of the 1:3 complex (mp 146±1488C) were obtained initially when of Figure 10 . d-u scatterplot for C±H´´´O hydrogen bonds in (TPB)´(TNB) 3 (grey squares) and pure TNB (black diamonds). Notice the short, linear contacts in the latter structure. These C±H´´´O hydrogen bonds are more important in pure TNB than in the molecular complex. X-Ray diffraction data were collected on an Enraf-Nonius FAST area detector with a rotating anode source at 120(2)K in Philadelphia, or on an Enraf-Nonius CAD4 diffractometer at room temperature in Hyderabad. None of the data sets were corrected for absorption effects, these being deemed to be of minor consequence. The solution of the structures for all the complexes were carried out with the Shelxs97 20 program and the re®nements were carried out with the Shelxl97 20 program on Silicon Graphics workstations. Pertinent details of the data collection, structure solution and re®nement are given in Table 1 for the seven crystal structures in this study. The CIF ®les for these structures have been deposited with the Cambridge Crystallographic Data Centre. The C±H´´´O bonds in these structures are conveniently analysed with scatterplots of hydrogen bond distance, d versus hydrogen bond angle, u . Such a d±u plot is shown in Fig.10 . The packing energy calculations were performed with the Smart Minimiser module (Cerius 2 ) using the Burchart 1.01-Dreiding 2.21 force®eld with the charges obtained with the chargeequilibration method.
